Clastic metasedimentary rocks from the Teplá Crystalline Complex (western Bohemian Massif) were analysed for major and trace elements, Sr and Nd isotopes. The metamorphic grade of these rocks of presumed Neoproterozoic protolith age increases from SE to NW from very low-grade to amphibolite-facies conditions. Geochemistry indicates that the sedimentary protoliths for the whole sequence consisted of immature (pelitic) greywackes chiefly derived from an ensialic island arc. No significant changes in composition from the lowest to the highest grade or across the strike of isograds were observed. Chemical variations between original slates and greywackes within a single locality often considerably exceed the variation among samples of different metamorphic grades or of different geographic positions. The prevailing REE spectra with distinct negative Eu anomalies show a close similarity with those of modern turbidites from ensialic island arcs. Several samples without any Eu anomaly resemble the REE patterns of less differentiated island arc andesites. LREE leaching under oxidizing conditions is suggested by several REE patterns with positive Ce anomalies. The Sm-Nd model ages T DM of samples with Ce positive anomalies are higher (T DM 1.8-2.0 Ga) than those of all other samples (T DM = 1.1-1.5 Ga). Initial Sr isotopic ratios for all samples are fairly constant and compatible with an assumed dominance of isotopically less evolved detrital material. Geochemical characteristics of the clastic metasediments of the Teplá Crystalline Complex are thus consistent with a model of incorporation and preservation of arc-derived sediments in a Cadomian accretionary wedge. : metasedimentary rocks, geochemistry, Sr-Nd isotopes, provenance, Teplá Crystalline Complex, Bohemian Massif Received: 13 February 2014; accepted: 12 November 2014; handling editor: J. Žák on similar rocks of the adjacent sequences of Barrandian Neoproterozoic on the one hand and with its presumed tectonometamorphic equivalent, the Erbendorf-Vohenstrauß Zone (ZEV), on the other. The ZEV is a mediumpressure unit positioned at the westernmost border of the Bohemian Massif in which the KTB superdeep borehole was located (Weber and Vollbrecht 1986).
Introduction
Geodynamic models for the crystalline basement in the western Bohemian Massif concentrated mostly on reconstructing the Variscan convergence of separate geological units since the pioneering work of Weber and Behr (1983) . A lithogeochemical approach to the study of selected metapsammopelitic lithologies in the Bohemian Massif (Jakeš et al. 1979; Mrázek 1984; Čadková and Mrázek 1987; Matějka 1988) as in other segments of the Variscan orogen (Müller 1989; Wimmenauer 1991) supplied initial valuable comparative data. Several detailed structural (Hajná et al. 2010 , 2013 ) and lithogeochemical (Drost at al. 2004 studies of the Barrandian unmetamorphosed or anchimetamorphosed Neoproterozoic sediments and volcanics appeared in the last decade. However, no systematic studies in lithogeochemistry as yet exist in the low-to high-metamorphosed western part of the Teplá-Barrandian Unit, referred to as the Teplá Crystalline Complex (TCC).
The results of the present studies on metapelites and metapsammites of the TCC allow a comparison with data temperature Saxothuringian metamorphic rocks (Kachlík 1993 (Kachlík , 1994 . The MLC thus forms the boundary between the Saxothuringian and the Teplá-Barrandian units. A similar but less distinct tectonic contact exists in the SE, where medium-pressure metamorphic rocks of the TCC are thrust toward the NW over metagabbros and amphibolites of the MLC (Matte et al. 1990; Zulauf 1997) . Beard et al. (1995) 
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ZEV M ü n c h b e rg K li p p e E rz g e b ir g e E rz g e b ir g e B a rr a n d ia n B a rr a n d ia n T e p lá -T e p lá - was challenged by Štědrá et al. (2002) and Timmermann et al. (2004 Timmermann et al. ( , 2006 . The former study examined coronitic metagabbros occurring as minor bodies within the MLC and in the paragneiss and orthogneiss of the TCC. Some metagabbros caused contact metamorphism of the host rocks, and their emplacement age of 496 ± 1 Ma (Bowes and Aftalion 1991) documents the juxtaposition of the MLC and TCC prior to late Cambrian times. The latter studies obtained U-Pb zircon ages from the MLC rocks, which fall into two age groups, c. 540 Ma and c. 380 Ma. The late Cadomian age was interpreted to reflect the crystallization of the MLC oceanic protolith whereas the latter one reflects the Variscan metamorphism and decompression melting. Regional metamorphism of the TCC shows a distinct NW-oriented gradient (Kratochvíl et al. 1951 ) defined by tectonically reduced biotite, garnet, staurolite and kyanite zones (Fig. 1) . Recent studies of the metamorphic evolution distinguished both Cadomian and Variscan Barrovian-type metamorphic overprints:
(1) To the NW of the staurolite isograd, the Cambrian granitoids have been pervasively deformed into the mylonitic Teplá and Hanov orthogneisses (Zulauf 1997; Dörr et al. 1998) , whereas the Lestkov granitoid, largely situated in the garnet zone, does not show a pervasive mylonitic fabric.
(2) Variscan garnet developed in pressure shadows behind Cadomian garnet (Zulauf 1997) .
(3) Variscan kyanite replaces andalusite in early Ordovician pegmatites (Žáček 1994; Glodny et al. 1998) .
(4) Staurolite replaces cordierite in the northern contact aureole of the Lestkov granitoid (Cháb and Žáček 1994) , indicating that the staurolite isograd reflects the Variscan cycle.
(5) The
39
Ar-
40
Ar and K-Ar dating of hornblende and white mica from the TCC yielded ages of 383 Ma and 366-371 Ma, respectively (Kreuzer et al. 1992; Dallmeyer and Urban 1998) . Hornblende ages suggest a Devonian temperature of more than c. 500 °C for the northwestern part of the TCC, assuming such a closure temperature for the K-Ar isotopic system of hornblende (Zulauf et al. 2004) .
Investigations into the crystallization-deformation relationships in the TCC indicate that the biotite and garnet isograds of Cháb and Žáček (1994) (Fig. 1) reflect the Cadomian orogeny, whereas the staurolite and kyanite isograds are Variscan in age. Variscan biotite and garnet appear immediately to the NW of the Cadomian garnet isograd. To the SE of the garnet isograd, the Variscan deformation occurred under retrograde metamorphic conditions as compared to the Cadomian fabrics (Zulauf et al. 2004 ).
Lithology, lithostratigraphy and age of the Teplá Crystalline Complex
The existing knowledge of the lithology of the TCC protolith is mostly based on geological mapping (Vejnar et al. 1962 ) and studies of metamorphic processes (Žáček and Cháb 1993; Cháb and Žáček 1994) and is further expanded by this paper.
The dominant lithological type are finely laminated psammo-pelitic rhythmites with isolated slaty greywacke bodies and rare greywackes that form alternating bodies tens of centimeters to meters in thickness. The absence of thicker greywacke bodies, the scarcity of basic volcaniclastic sediments (Fig. 1) and only an isolated occurrence of black shales suggest an originally lithologically monotonous succession (Holubec 1966) .
Lithostratigraphic correlation of the TCC with the Barrandian Neoproterozoic is only conventional. It is supported by a similar lithofacies development of the two units, particularly along their contact, i.e., along the biotite isograd. Although various lithostratigraphic schemes have been proposed for the Barrandian Neoproterozoic, including the TCC (Kettner 1917; Röhlich 1965; Holubec 1966; Cháb and Pelc 1968, 1973; Cháb 1978; Mašek and Zoubek 1980; Kříbek et al. 2000; Mašek 2000; Röhlich 2000; Lang 2000) , recent studies of Hajná et al. (2010 Hajná et al. ( , 2011 Hajná et al. ( , 2012 Hajná et al. ( and 2013 suggested that the central and NW parts of the Teplá-Barrandian unit represent a fragment of an accretionary wedge of the Avalonian-Cadomian belt, which developed along the northern active margin of Gondwana during the Late Neoproterozoic. This interpretation implies that the various component units (commonly fault-bounded) of the presumed wedge may not exhibit mutual stratigraphic relationships as straightforward as previously thought. Nevertheless, the TCC can be correlated with a lithologically similar NW part of the Barrandian Neoproterozoic, referred to as the Kralovice-Rakovník Belt (Röhlich 1965; Hajná et al. 2010 Hajná et al. , 2011 , with the difference being that the TCC is progressively metamorphosed up to the amphibolite facies.
The age constraints for the TCC metasedimentary rocks are the emplacement ages of the metagranitoids and metapegmatites. The TCC Cambrian (meta-)granitoids (the Lestkov Massif, the Teplá and Hanov orthogneisses) yielded U-Pb zircon intrusive ages of c. 513 Ma (Dörr et al. 1998) , the metapegmatites gave U-Pb columbite, garnet, monazite and zircon as well as Rb-Sr muscovite ages of c. 480 Ma (Košler et al. 1997; Glodny et al. 1998) . These data thus provide an upper limit for age of deposition of metasedimentary rocks of the TCC, most probably pointing to Neoproterozoic to early Cambrian. Paper by Dörr et al. (2002) summarized the geochronological evolution of the Teplá-Barrandian Unit in early Cambrian to Neoproterozoic times.
Methods and sample description
The TCC metasedimentary rocks were sampled along a cross-section from very low-grade chlorite-sericite Rock types: shl -metashale, grw -metagreywacke -megascopic classification/chemical classification according to Fig. 2 Mineral abbreviations are after Kretz (1983) phyllites to amphibolite-facies kyanite-garnet gneisses (Fig. 1) . A total of 36 samples, c. 2-3 kg in weight, were collected from outcrops and quarries. 
Geochemistry
Major elements
The analysed metasedimentary rocks of the TCC (Tab. 2) contain 60.1 to 73.6 wt. % SiO 2 and 13.0 to 18.7 wt. % Al 2 O 3 . According to K 2 O/Na 2 O vs. SiO 2 /Al 2 O 3 (all in wt.%) classification plot of Wimmenauer (1984) (Fig. 2a) , almost all the TCC samples plot in the field of greywackes. The K 2 O/Na 2 O ratio varies broadly around the median value of 0.8 from about 0.2 to 1.6, which, at the same time, represents the scatter of the greywacke-shale counterparts from a single locality (samples 12 and 13). Individual samples in Fig. 2a No systematic compositional changes are observed from the lowest to the highest grades of metamorphism or across the strike of the isograds (Fig. 1) . Variations due to sedimentary sorting within a sedimentary succession (marked sample pairs in Fig. 2a ) exceed that between samples of different metamorphic grades or geographic positions.
Geochemical relationship between the TCC and the unmetamorphosed to anchimetamorphosed Barrandian Neoproterozoic metasedimentary rocks was assessed using data of Čadková et al. (1985) . We prefer this geochemical database produced in a single laboratory of the Czech Geological Survey. The field "BARR" in Fig. 2a covers 90 % of data points of 50 Barrandian greywacke samples. Geochemical relation of the TCC to the similar metamorphosed monotonous sequence of the western part of the Bohemian Massif, the Erbendorf-Vohenstrauß Zone, was studied using data of Wimmenauer (1991) . Fig. 2b . The CHIA is defined as the molar ratio Al 2 O 3 /(Al 2 O 3 + K 2 O + Na 2 O + CaO*) × 100, where CaO* represents Ca residing only in silicate minerals (i.e., corrected for Ca in carbonates and phosphates). The TCC samples exhibit a positive trend marked by a regression line (dashed) reflecting a more intense alteration of metashale samples. The CHIA cut-off value of about 63 separates most of metagreywackes (down to 54.7) from metashales (up to 70.8). Note that the Barrandian and KTB fields (see Fig. 2a ) plot within the "metagreywacke" domain, i.e. that characterized by relatively low degree of alteration.
Major-element compositions of clastic sediments show systematic variations depending on the tectonic setting (Bhatia 1983). Figure 3 plots passive continental margin (PCM), active continental margin (ACM), continental-island arc (CIA) and oceanicisland arc (OIA). In Fig. 3a , the studied metagreywackes plot mostly to the CIA field, whereas metashales shift slightly to the OIA field. The latter is probably due to relative mafic component enrichment in the clayey phase of the primarily more altered shale variety. The Barrandian greywackes cover the CIA field whereas the KTB ones straddle the boundary of the adjacent OIA field. Figures 3b, d document a conspicuous mobility of alkalis and CaO due to weathering and decomposition processes. In both cases, the less altered greywackes plot in the CIA field, whereas in Fig. 3b , the more strongly altered shales fall outside any of the fields defined. In the above-mentioned figures, the KTB metagreywacke data shift markedly in the same sense as the TCC metashales. Plots with less mobile elements (Fig. 3a, c ) produce more compact pictures, which holds particularly for the Barrandian greywackes probably spared of stronger alteration.
Taken together, the set of major-element plots in Fig. 3 suggest a mostly CIA provenance for the studied samples, as well as for the KTB and BARR greywacke sediments. The same conclusion comes from the plot of major-element based discriminant functions after Bhatia (1983) (Fig. 4) . All the presented plots were set up by analysing "sandstones", in fact mostly by greywackes in island-arc settings (Bhatia 1983). For chemically more altered shale lithologies, the discrimination diagrams are more or less invalid.
Binary and ternary plots based on trace elements
Trace-element data of the analysed TCC metasediments are given in Tab. 3. Various plots are used to discriminate the provenance of the sedimentary protolith (Figs 5-6 ).
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Multi-element (spider) diagrams
Figure 8 is a multi-element plot normalized to Primitive Mantle (PRM) composition after Taylor and McLennan (1985) . The element order in the diagram follows the decreasing average contents in the upper continental crust (UCC) according to Taylor and McLennan (1985) , except for phosphorus, which is taken from Wänke et al. (1984) . The PRM-normalized UCC element contents were used as a reference basis for the individual plots. The TCC data were plotted separately for metashales and metagreywackes to decipher the possible compositional changes due to progressive mechanical and chemical alteration prior to deposition (Fig. 8) .
Rare earth elements (REE)
The REE data of the analysed TCC metasediments are presented in Tab. 4. Chondrite-normalized (Taylor and McLennan 1985) REE patterns can be divided into three groups. The most common pattern (27 samples) is shown in Fig. 9 . This UCC-like distribution is characterized by a steeper course of the LREE, a pronounced negative Eu anomaly (Eu/Eu* = 0.55-0.79) and a rather flat HREE segment. The contents of REE are slightly enhanced relative to the UCC distribution, which holds namely for the HREE. The exception to this overall trend is sample No. 2, wherein the REE content is substantially higher. Figure 10 presents a less common REE pattern of three TCC samples almost lacking the Eu anomaly, in two cases with a smooth, moderately concave course of distribution. The TCC distribution curves in Fig. 10 are well comparable with those of undifferentiated CIA andesites. Taylor and McLennan (1985) . Average Upper Continental Crust (UCC) composition is from Taylor and McLennan (1985) and Wänke et al. (1984) . The last REE distribution type is represented by six samples in Fig. 11 which display, besides the negative Eu anomalies, a distinct positive anomaly of Ce; the other LREE are less enriched. These samples from the lower part of the biotite zone (Fig. 1) .
Sr and Nd isotopic studies
From the total of 36 samples for the TCC metasedimentary rocks, nine representative samples were selected for Sr-Nd isotopic studies. Four samples from anchi-to unmetamorphosed Barrandian sedimentary rocks were also selected for comparison ("K-" samples from the geochemical database of Czech Geological Survey, Čadková et al. 1985) . The resulting data are presented in Tab. 5.
The sedimentation age of 550 Ma used for calculation of Sr initial ratios and epsilon Nd values is constrained by the existing zircon U-Pb data for the Teplá orthogneiss, which are interpreted as dating emplacement of its protolith (Dörr et al. 1995) . The application of singleand two-stage evolution models of the Sm-Nd system (DePaolo 1991) yielded two groups of T DM model ages. The difference of T DM values between the two models is mostly negligible except for samples with a positive Ce anomaly. The latter yielded generally higher model ages (T DM -single = 1.8-2.0 Ga) than the other samples (T DM = 1.0-1.5 Ga). The initial 87 Sr/ 86 Sr ratios for all samples are fairly constant and compatible with the assumption of a dominance of detrital material, that was isotopically less evolved. Figure 12 represents the 87 Sr/ 86 Sr(T) vs. ε Nd (T) plot for the TCC and ZEV (including KTB) metasedimentary rocks. Variation fields of some Saxothuringian and Moldanubian metasediments are given for comparison (Liew and Hofmann 1988; Henjes-Kunst 2000) . The KTB data (KTB-VB) come also from von Drach and Köhler (1993) . In general, two groups of data are observed: one containing TCC, ZEV, KTB-VB and unmetamorphosed Barrandian (BARR), and another one of Saxothuringian and Moldanubian samples. Plots La N /Yb N -ε Nd (T) and 87 Sr/ 86 Sr(T)-ε Nd (T) (Fig. 13) illustrates the Sr-Nd isotopic evolution of the Barrandian (meta-) sedimentary rocks in time. 
Discussion
The multielement distribution curves on the Fig. 8 display several distinct anomalies connected predominantly to the character of the source rocks and the subsequent disintegration and weathering processes.
Comparison of sedimentologically primitive greywackes with more mature shales shows mostly an increase in positive anomalies and a decrease in negative anomalies with the increasing maturity of sediments. The only exceptions are negative anomalies of Ca and Sr, which deepen in more mature sediments. This can be explained by synergy of two processes: mechanical disintegration, which elevated the trace element-rich pelitic component in shales, and progressive chemical decomposition of plagioclase, leading to liberation of part of the Ca and Sr into seawater. The differences from the reference UCC curve will be discussed for the TCC metagreywackes because -4, 6, 8, 10-15, 17, 22, 24-34, 36, 37) . For UCC composition, see Fig. 7 .
they reflect the primary composition better than the metashales. Large ion lithophile elements (LILE) from Rb to Ba in the TCC metagreywackes show a marked depletion relative to UCC, which documents their immature character from the crustal evolution point of view. The conspicuous negative Nb anomaly leads to the same conclusion, as it is usually explained (e.g., Bonjour and Dabard 1991; Slack and Stevens 1994) by the absence of the Nb-rich anorogenic granites in the immature crust. Jakeš et al. (1979) supposed an input of the spilitised basic volcanic detritus to solve the depletion in Sr in the Barrandian greywackes. The behavior of Cu is ambiguous and could be connected with depletions or enrichments due to mineralization processes. A comparison of elemental distributions between the metamorphosed (TCC, KTB) and unmetamorphosed (BARR) greywackes does not reveal any substantial changes due to regional metamorphism. Moreover, similar distribution patterns of the TCC, BARR and KTB data suggest close genetic relations of the studied rocks from the mentioned units.
The REE distribution curves of the TCC samples form three principal groups. The major group of 26 samples ( Fig. 9 ) displays pronounced negative Eu anomalies. According to McLennan et al. (1993) , the negative Eu anomaly suggests that igneous rocks of the continentalisland arc provenance were formed by intra-crustal plagioclase fractionation. A comparison with the REE patterns of modern deep-sea turbidites (McLennan and Taylor 1991) shows a close similarity with those of continental island arcs.
The second group (Fig. 10) contains three samples and is without any Eu anomaly. Such pattern exists in andesites of both the continental and the oceanic-island arcs. The difference consists in a higher REE content and a steeper course of the distribution curve of CIA andesites compared to OIA settings (cf. Bhatia 1985; McLennan and Taylor 1991) . This variation in REE patterns of CIA andesites depends on the degree of crystal differentiation during magma ascent, which is enhanced within the continental settings. The third group containing six samples (Fig. 11) displays, besides Eu negative anomalies, also a distinct anomaly of Ce. This feature can be attributed to LREE leaching during sedimentation under oxidizing conditions, whereby Ce 4+ remains in the sediment (McDaniel et al. 1994) .
Results of the Rb-Sr and Sm-Nd isotopic analyses presented in Fig. 12 Liew and Hofmann (1988) von Drach and Köhler (1993) and Henjes-Kunst (2000) . falls within the interval of -4 to -10. This difference evidently reflects the prevalence of rather juvenile material in the first group and, on the other hand, the prevalence of old evolved crustal material in the second one. This is supported by the lower model ages T Nd (DM) = 0.95-1.5 Ga of the former group compared to those of the latter one (1.5-2.0 Ga). Combining our data with those of Drost et al. (2007), we can follow on the Fig. 13 the gradual increase of the evolved continental crust component with the decreasing age of sediments. Our "K-" samples of unmetamorphosed Neoproterozoic greywackes represent the most primitive material of the whole Teplá-Barrandian sample set. Connecting the RbSr systematics, all our samples plot outside the shaded zone; this indicates that no substantial late Rb-gain or Sr-loss occurred.
Our results of geochemical and isotopic investigations of the TCC metasediments point to their continental island-arc provenance. Štědrá et al. (2002) discussed two possible scenarios for geotectonic setting of the TCC: (1) a deeply reworked part of an accretionary wedge at a Gondwana margin, and (2) a subducted segment of an active continental margin with incorporated backarc slivers and metasedimentary and magmatic oceanic rocks. The hypothesis #1 is (together with Zulauf 1997 and Dörr et al. 2002) one of the first suggestions of the accretionary wedge provenance in the Teplá-Barrandian. The results of geochemical and isotopic studies of Barrandian metabasalts (Pin and Waldhausrová 2007) support this idea, further elaborated by Hajná et al. (2010) in the central and NW parts of this unit. In the current paper, we have attempted to evaluate this hypothesis using new geochemical data. The principal question, however, is to what degree can the two environments (i.e., the continental-island arc and the accretionary wedge) be unequivocally distinguished on the basis of difference in the geochemistry of sedimentary rocks.
To address this issue, we compare our results with a modern example of accretionary wedge sediments from Russian Kamchatka. There, a detailed geochemical study of Ledneva et al. (2004) documented the nature of the NE Asian active continental margin in the middle Eocene to early Miocene. The trace-element geochemistry of shales from the flysch and mélange indicates the derivation of this sediment types from an active continental margin and island arcs with partially dissected basement rocks. Such provenance characteristics are similar to those of the continental-island arc and, therefore, we can hardly expect any significant geochemical features to distinguish between the two geotectonic settings. The comparison of the TCC and the Kamchatka accretionary wedge points to their similar lithology (mostly flysch-like sediments and mélange). Regarding the principal geochemical features (some summarized in Tab. 6), the striking similarities include, e.g., the high LREE abundance, pronounced negative Eu anomaly, low Th/Sc and La/Sc ratios, negative Nb anomaly in relation to average upper crust etc. Small differences in some of the ratios can be explained by local variations, e.g., deep-or shallow-water conditions (Fe/Mn) and various admixtures of volcanic vs. ultramafic sources (Cr/Ni).
Conclusions
An extensive geochemical and Sr-Nd isotopic investigation of the Teplá Crystalline Complex clastic metasedimentary rocks revealed their active continental margin affinity with an important role of underlying or nearby situated continental crust. Pure geochemical and isotopic criteria point to a relatively immature continental (ensialic) island arc. A comparison with the Tertiary accretionary wedge sedimentary complex (Kamchatka/Russia) shows striking geochemical similarities. The accretionary wedge idea is therefore consistent with a continental-arc provenance as derived from the rock geochemistry. The tectonic arguments and incompatibility of the Teplá-Barrandian metabasalts with their (meta-) sedimentary host represent further important constraints for the acceptance of the accretionary wedge provenance hypothesis for parts of the Neoproterozoic to early Cambrian sedimentary complexes of the Teplá-Barrandian Unit.
